Bacterial biofilms are complex multicellular assemblies that exhibit resistance to antibiotics and contribute to the pathogenesis of serious and chronic infectious diseases. New approaches and quantitative data are needed to define the molecular composition of bacterial biofilms. Escherichia coli biofilms are known to contain polysaccharides and functional amyloid fibers termed curli, yet accurate determinations of biofilm composition at the molecular level have been elusive. The ability to define the composition of the extracellular matrix (ECM) is crucial for the elucidation of structure-function relationships that will aid the development of chemical strategies to disrupt biofilms. We have developed an approach that integrates non-perturbative preparation of the ECM with electron microscopy, biochemistry, and solid-state NMR spectroscopy to define the chemical composition of the intact and insoluble ECM of a clinically important pathogenic bacteriumuropathogenic E. coli. Our data permitted a sum-of-all-the-parts analysis. Electron microscopy revealed supramolecular shell-like structures that encapsulated single cells and enmeshed the bacterial community. Biochemical and solid-state NMR measurements of the matrix and constitutive parts established that the matrix is composed of two major components, curli and cellulose, each in a quantifiable amount. This approach to quantifying the matrix composition is widely applicable to other organisms and to examining the influence of biofilm inhibitors. Collectively, our NMR spectra and the electron micrographs of the purified ECM inspire us to consider the biofilm matrix not as an undefined slime, but as an assembly of polymers with a defined composition and architecture.
Introduction
Bacterial biofilms are multicellular assemblies, characterized by a complex extracellular polymeric matrix that can include proteins, polysaccharides, lipids, and nucleic acids. The propensity for bacteria to exist in biofilm communities in the biosphere far exceeds the tendency for bacteria to persist as individual planktonic cells. Biofilms are essential to life in terrestrial and aquatic habitats but are also associated with adverse consequences such as biofouling and disease [1] [2] [3] [4] . Indeed, biofilm bacteria can exhibit reduced sensitivity to antibiotics and host defenses and have emerged as hallmarks of serious and persistent infectious diseases, including cystic fibrosis pneumonia, infective endocarditis, urinary tract infection, periodontitis, chronic otitis media, and infections of medical devices such as intravenous catheters and artificial joints [5, 6] . Currently available antibiotics often fail to eradicate biofilm-associated bacteria, necessitating multiple and intense antibiotic treatment regimens that can exhaust the pool of last-resort antibiotics [5, 7] . As a consequence, biofilm-associated infections are the cause of significant morbidity and mortality in the clinic. New therapeutic strategies are needed to prevent and eradicate biofilms [5] [6] [7] . An improved understanding of biofilm composition and function is crucial to understanding the modes of action of candidate biofilm inhibitors and driving the development of new strategies to target biofilm formation.
Important genetic and molecular determinants of biofilm formation have been elucidated in some systems, with many matrix components having been identified by techniques such as mass spectrometry, immunochemistry, and microscopy [8] . However, formidable challenges exist in generating a complete accounting of the parts and in understanding how the parts assemble and function [9] . Analyses of biofilm composition by standard methods often employ harsh hydrolysis protocols coupled with mass spectrometry [10] . This degradative approach is complicated by incomplete dissolution as well as the perturbative nature of chemical and enzymatic processing.
We have developed an approach that integrates minimally perturbative preparation of extracellular matrix (ECM) material, biochemical characterization of the ECM, and solid-state NMR spectroscopy to define the composition of the ECM. We selected the clinically relevant uropathogenic Escherichia coli strain UTI89, which is known to produce at least curli amyloid fibers and cellulose in its ECM, to establish our methodology and to define the biofilm composition of an important human pathogen. Curli were discovered to be amyloid in 2002 [11] and an increasing number of functional amyloid fibers are being identified in other bacteria [12] [13] [14] [15] . From detailed studies in E. coli, Salmonella, Bacillus subtilis, and Staphylococcus aureus, microorganisms harness the amyloid-forming pathway to assemble functional adhesive fibers that contribute to cellular physiology, adhesion, and biofilm formation [15] [16] [17] [18] [19] . Thus, there is great interest in understanding how the integration of amyloids in biofilms influences biofilm composition and function. Biofilm formation and curli production have been implicated in the pathogenesis of urinary tract infection [20] [21] [22] , and approaches to quantify biofilm composition in uropathogenic E. coli will be of tremendous value in examining the differences in virulence and pathogenesis of different uropathogenic E. coli and other pathogenic bacteria. Indeed, E. coli can form many types of biofilms, integrating different extracellular fimbriae depending on the growth conditions [23, 24] . When grown on YESCA nutrient agar, UTI89 forms an amyloid-based biofilm consisting of curli amyloid fibers, cellulose, and potentially other components, although the exact composition of such biofilms has not been defined [20, 48] . The co-requirement for cellulose during biofilm formation has been ascribed to the presence of and requirement of cellulose synthase genes and the detection of glucose in hydrolyzed ECM samples, coupled with the ability to stain biofilms with the dye calcofluor and to disrupt biofilms using cellulase [10, 23, 25, 26] . However, the quantification of cellulose content relative to other ECM components, or the possibility of having a modified form of cellulose in the ECM, has not been determined.
UTI89 assembles a biofilm that exhibits the hallmark wrinkled colony morphology associated with both E. coli and Salmonella strains when grown under curli-and cellulose-producing conditions, such as on YESCA nutrient agar [27] . Congo red is often included in the nutrient agar to visually emphasize the colony morphology, referred to as the red, dry, and rough phenotype [10] . Congo red can bind to both curli and cellulose and is used to qualitatively distinguish different types of biofilm formers [10, 25] . We recently reported that curcumin also binds to curli and can be used as an amyloid-specific dye [28] . Another commonly employed dye, calcofluor white, binds to polysaccharides and is used to score the production of cellulose and other possible polysaccharides in the biofilm matrix [10, 25] . Such dyes are useful as they can be used within the context of intact, unperturbed biofilm samples. However, they provide only qualitative information regarding biofilm composition.
Solid-state NMR is nondestructive and uniquely suited to examine the chemical composition and structure of complex and insoluble biomaterials including whole cells, bacterial cell walls, intact soybean leaves, and insect cuticle [29] [30] [31] [32] . We have obtained 13 C cross-polarization magic-angle spinning (CPMAS) NMR spectra of the purified ECM from UTI89 and of isolated biofilm components, characterized each of these biochemically and spectroscopically, and discovered that this yielded a quantitative determination of the composition of the insoluble ECM.
Results
The ECM in UTI89 biofilm forms a robust, well-ordered network encapsulating single cells A biofilm is composed of bacterial cells plus their ECM. To examine the composition of the ECM, we developed an ECM extraction protocol, based on the curli isolation protocol of Chapman et al. [11] , to remove the matrix material from the intact cells. We found that Congo red, commonly used during growth as an indicator dye of ECM production, was useful for tracking the purification, as it binds to both curli and cellulose, and serves as a precipitation agent for polysaccharide purification as previously recognized [33] . Thus, the ECM samples were prepared from bacteria grown in the presence of Congo red.
We examined preparations of the intact wild-type UTI89 ECM; the ECM material from the curli mutant, UTI89ΔcsgA [20] ; and intact curli produced by the laboratory strain MC4100. MC4100 does not produce cellulose and is used extensively in studies of E. coli curli biogenesis and for the isolation of curli fibers [11] . We compared the purified material from these strains with their non-perturbed whole-cell counterparts by electron microscopy. Scanning electron micrographs revealed extensive long-range connectivity, encapsulation, and network formation among UTI89 cells in a biofilm, whereas the cells in the UTI89ΔcsgA sample are separated from one another, exhibiting only loose connections ( Fig. 1 ). MC4100 cells are also well separated from one another, but exhibit some intercellular connectivity through curli fibers ( Fig. 1 ).
Transmission electron micrographs of whole-cell samples revealed shell-like structures surrounding individual UTI89 cells that retained their shape even after mechanical disruption and separation of the ECM (Fig. 1) . In contrast, the curli mutant, UTI89 ΔcsgA, exhibited no remarkable organization with extracellular material being loosely cell-associated ( Fig. 1) . Similarly, curli fibers are loosely cell-associated without considerable organization in MC4100 samples ( Fig. 1 ).
Curli comprise the major protein component in the UTI89 ECM
With the ability to extract the extracellular material from our three strains, we sought to determine whether non-curli proteins also contribute to the composition of the UTI89 biofilm and whether such potential proteins might be part of the insoluble biofilm matrix or only loosely associated with it. To do this, we analyzed the isolated extracellular extracts from UTI89, UTI89ΔcsgA, and MC4100 by SDS-PAGE.
Curli and other amyloid fibers are not denatured by boiling in SDS and require strong solvents such as concentrated formic acid or hexafluoroisopropanol for depolymerization [11, 34] . Thus, the purified ECM and comparative samples were treated with 88% formic acid to depolymerize the curli fibers, followed by vacuum centrifugation to remove the solvent before resuspending samples in protein sample buffer. The non-SDS-washed UTI89 ECM exhibits three major protein bands by SDS-PAGE ( Fig. 2 ) identified by Western blot analysis and/or Edman degradation as CsgA at 16 kDa, CsgA dimer at 34 kDa, and FliC, the main structural protein of the flagellum, at 60 kDa. Flagella have been observed in curli-associated biofilms [48] . Under heavy loading, additional bands could be detected in the non-SDS-washed samples, although they were present at very low abundance and were not present in all isolations ( Fig. 2 ). We hypothesized that these could be attributed to weakly associated proteins that may have remained with the ECM adventitiously. Mass spectrometry analysis confirmed that the bands were cell-membrane-associated proteins, including the following: EF-Tu, elongation factor Tu; TF, trigger factor; PflB, formate acetyltransferase 1; and AdhE, aldehyde-alcohol dehydrogenase [35] . Washing of the UTI89 ECM in 4% SDS removed FliC and the low abundance bands, indicating that these proteins are not part of the intrinsically insoluble ECM (Fig. 2) . Collectively, our data demonstrate that curli are overwhelmingly the major protein component of the insoluble ECM produced when UTI89 is grown on YESCA nutrient agar.
Gels corresponding to the UTI89ΔcsgA extracellular material were cleaner with fewer proteins detected (Fig. 2 ). This could be attributed to the weaker association with the UTI89ΔcsgA extracellular material (Fig. 2 ) in the absence of curli, which are adhesive fibers, resulting in fewer proteins being pulled away from the cells during the extraction. For the non-SDS-washed UTI89ΔcsgA ECM, only three protein bands were observed: OmpA at 38 kDa, OmpF and OmpC at 39 kDa, and FliC at 60 kDa. As anticipated, no CsgA was observed in UTI89ΔcsgA. Additionally, washing the UTI89ΔcsgA ECM in 4% SDS removed FliC and the outer membrane protein bands, whereas curli remain tightly associated with the SDS-treated ECM.
The SDS-PAGE gels of curli isolated from MC4100 exhibited the typical array of curli protein bands ( Fig. 2 ). Curli fibers are composed of the protein CsgA and, as expected, the gel shows one major band present after formic acid treatment at 16 kDa corresponding to the CsgA monomer, with additional bands present at approximately 32 and 50 kDa corresponding to the CsgA dimer and trimer, respectively ( Fig. 2) [11] .
The UTI89ΔcsgA ECM harbors a modified form of cellulose
The polysaccharide component of the UTI89 ECM is expected to contain cellulose. Thus, in the curli mutant, we anticipated that we would observe carbon contributions from CR, cellulose, and potentially other components. We compared the UTI89 ΔcsgA ECM spectrum to the 13 C CPMAS spectra of equal masses of commercially available cellulose and Congo red (Fig. 3 ). The UTI89ΔcsgA ECM spectrum harbors carbon contributions from cellulose and Congo red in approximately a one-to-one ratio (Fig. 3) . The absence of a carbonyl peak (~175 ppm) and the lack of additional peaks in the protein aliphatic region indicate that there are no proteins or amino acids in the sample, consistent with the protein gel analysis. Differences in the lineshapes between the commercially purchased crystalline powders and the biological sample are expected due to differences in the molecular conformations, packing, and environment of the two samples [36] . The UTI89ΔcsgA ECM chemical shifts are also consistent with the presence of cellulose in biological samples [37, 38] and are not compatible with other abundant polysaccharides commonly associated with bacterial cells, including MurNAc, GlcNAc, lipopolysaccharide, or other 13 C CPMAS spectra of commercial cellulose and CR (top) compared with the extracellular material of the curli mutant strain, UTI89ΔcsgA. The CR and cellulose spectra were scaled by mass and indicate that the CR contribution to the UTI89ΔcsgA, centered at 128 ppm with its spinning sidebands, is 50%. MAS was performed at 7143 Hz, and 32,768 scans were obtained for each spectrum.
carboxylated O-or K-antigens [39] . Interestingly, the presence of an additional carbon peak, centered at 40 ppm, was not accounted for in the commercially obtained crystalline cellulose or Congo red reference spectra.
Based on all the observed chemical shifts, we hypothesized that the 40-ppm chemical shift could be attributed to a cellulose modification that includes an -OCH 2 CH 2 NH 3 + moiety, consistent with the chemical shift of the ε-carbon in lysine, but without other resonances observed upfield of it. An -OCH 2 NH 3 + would not be chemically stable and the absence of any carbonyl contribution eliminated the possibility of an acyl modification. To test our hypothesis, we uniformly 15 N labeled the UTI89ΔcsgA ECM, using an optimized defined agar labeling medium that permits biofilm production in UTI89, and performed rotational-echo double-resonance (REDOR) [40] NMR to measure whether the 40-ppm carbon was directly bonded to a nitrogen. REDOR provides access to dipolar couplings that are averaged during magic-angle spinning (MAS) and is often used as a spectroscopic filter to select pairs of nuclei within a desired distance range [29] . The sample exhibited only a single peak in the 15 N CPMAS spectrum centered at 4.5 ppm, consistent with the proposed primary amine functionality. A 16-rotor cycle 13 C{ 15 N} REDOR experiment was performed to identify directly bonded 13 C-15 N pairs (Fig. 4) . The 40-ppm carbon peak was nearly completely dephased, indicating that it is directly bonded to the single nitrogen detected in the 15 N CPMAS spectrum. After a 48-rotor cycle REDOR experiment, corresponding to 6.72 ms of evolution time, dephasing to other carbons was observed. Both the C6 carbon and the -OCH 2 CH 2 NH 3 + carbon would appear near 62 ppm [41] . Thus, the REDOR data and the carbon chemical shifts indicate that the 15 N that is directly bonded to the 40-ppm carbon is next closest to a carbon or carbons at 62 ppm and then within detectable proximity to the other carbons in cellulose, suggestive of a hydroxyl-substituted O-linked 2-aminoethyl modification to cellulose.
Determination of the curli-to-polysaccharide ratio in the amyloid-integrated UTI89 ECM
The ultimate goal of our work was to define and quantify the contributions of curli and cellulose to the insoluble UTI89 ECM. Thus, we obtained and compared 13 C CPMAS spectra of the isolated UTI89 ECM, the cellulose-containing UTI89ΔcsgA ECM, and curli purified from MC4100. All of the matrix components were SDS-washed to remove loosely associated proteins after extraction from whole cells and to determine the composition of the insoluble and intractable matrix material. The UTI89 ΔcsgA ECM 13 C CPMAS spectrum, as described above, contains no detectable protein content, evidenced by the lack of a carbonyl peak at around 175 ppm, whereas the curli spectrum exhibits the typical qualities of a protein spectrum (Fig. 5 ). The curli NMR spectrum corresponds to a curli sample prepared from MC4100 grown on YESCA agar in the absence of CR as we demonstrated separately that SDS treatment removes CR from curli when prepared from cells grown on CR-containing YESCA (Fig. S1 ). Thus, the curli-only NMR spectrum does not harbor contributions from CR. A simple sum of the scaled curli and UTI89ΔcsgA ECM spectra recapitulates the 13 C CPMAS spectrum of the UTI89 ECM (Fig. 5 ). The spectral sum resulted from normalizing each spectrum according to its mass and then scaling the intensity of the curli spectrum to 72% and that of the UTI89ΔcsgA, CR-containing spectrum, to 28%. Thus, taking into account the percentage of Congo red in the sample (half of the UTI89ΔcsgA spectrum), the curli:cellulose:CR contributions in the UTI89 ECM are 72:14:14. Excluding the CR contribution, the ECM contains curli and polysaccharide in approximately a 6:1 ratio (84% curli and 16% cellulose). In order to assess the impact of biological variability on this determination, we performed the ECM extraction and NMR analysis from cells grown months after the first preparation using separately prepared medium and bacterial starter cultures. This ECM preparation contained 87% curli and 13% cellulose. As further confirmation that this scaling reveals an accurate estimate of curli and polysaccharide in the ECM, we also prepared a physical mixture of curli and the CR-containing UTI89ΔcsgA ECM, harboring 75 mg and 25 mg of each, respectively, and obtained a similar spectrum to the UTI89 ECM spectrum (Fig.  S2) . Thus, the UTI89 ECM is approximately 85% curli and 15% cellulose.
Discussion
The genomics and proteomics revolutions have been enormously successful in generating full genome sequences for an increasing number of organisms and in predicting and determining the structures of a steadily increasing number of proteins. In essence, these data provide crucial "parts lists" for biological systems. Yet, formidable challenges exist in generating complete descriptions of how the parts function and assemble into macromolecular complexes and whole-cell assemblies. We have developed a quantitative "sum-of-the-parts" approach integrating electron microscopy, biochemistry, and solid-state NMR spectroscopy to examine the architecture and to determine the chemical and molecular composition of the bacterial ECM.
Electron microscopy experiments were invaluable in visualizing the architecture of the E. coli biofilms and the ECM, revealing macromolecular order at the single-cell level with individual bacteria being encapsulated in shell-like structures that join togeth-er to form extended structures. This architecture is maintained even after the use of fluid shear forces to mechanically separate the ECM from the cells. The lack of order exhibited by the curli mutant, UTI89 ΔcsgA, suggests that the mechanical strength exhibited by the UTI89 ECM emerges from the interaction of curli and cellulose, consistent with recent discoveries that both components are required for biofilm formation at the air-liquid interface in UTI89 [20] and that increased curli production in the presence of cellulose enhances the strength, viscoelasticity, and resistance to strain of biofilms formed at the air-liquid interface [27, 42] . Although electron microscopy allowed visualization of the curli-only sample, the curli mutant sample, and the important wild-type ECM, the separate images do not permit one to identify how much of each component is present in the intact UTI89 matrix.
As a noncrystalline, heterogeneous, and insoluble macromolecular assembly, analyses of the chemical composition of the ECM pose a challenge to most conventional methods of compositional analysis. Problems with quantification arise from the incomplete dissolution of the ECM as well as the uncertainty that results from enzymatic and chemical-digestion-induced changes. Solid-state NMR is non-perturbative and uniquely suited to provide compositional detail in such intact, complex systems. To dissect the contributions of curli and polysaccharides in the biofilm framework, we purified and obtained 13 C CPMAS spectra of (i) the wild-type UTI89 ECM, (ii) the curli-free ECM produced by the curli mutant strain UTI89ΔcsgA, and (iii) purified curli. We discovered that a simple scaled sum of the curli and UTI89ΔcsgA ECM spectra recapitulates the 13 C CPMAS spectrum of the UTI89 ECM. Every peak intensity and lineshape is matched in the scaled sum and UTI89 ECM spectra. Thus, although polysaccharides are often suggested as providing the matrix framework [43] , we established that curli represent a significant fraction of the framework in the E. coli ECM, approximately 85% of the matrix by mass. Clearly, amyloid fibers and polysaccharides are co-produced in nature and form highly ordered supramolecular assemblies with unique mechanical and architectural properties. These architectures and compositional detail inspire the rational design and synthesis of new polymeric materials.
Our approach is powerful, versatile, and applicable to other biofilm systems. The analysis can be performed in the absence of bacterial mutants, as our spectra in Fig. 5 reveal that some protein and polysaccharide contributions can be resolved even with the resolution of the one-dimensional CPMAS spectra using non-isotopically enriched samples. Future work will investigate whether other biofilm formers similarly rely on such a small number of major biofilm components and whether the protein: polysaccharide ratio varies among organisms or as a function of growth conditions or environmental stress, including treatment with biofilm inhibitors. As described above, conditions that upregulate curli production can enhance biofilm formation and biofilm strength and small-molecule inhibitors of curli production can prevent biofilm formation, yet methods to compare the overall protein and polysaccharide content and to assess other changes in composition in these intact systems have been elusive. The ability to define the composition of the ECM using solidstate NMR on the intact insoluble matrix material will be crucial in ongoing efforts to transform biofilm descriptors from vague terms such as glue and slime into chemically descriptive, quantitative parameters to correlate biofilm composition and function.
Materials and Methods

Strains and culture conditions
Non-isotopically labeled samples were prepared from UTI89, UTI89ΔcsgA, and MC4100 grown on YESCA agar. Congo red was included (25 μg/mL) for the preparation of the ECM samples. The 15 N-labeled UTI89ΔcsgA ECM sample was prepared from cells grown on a modified version of Neidhardt's Mops minimal medium agar [44] 4 Cl was replaced with 98 atom% 15 NH 4 Cl (Isotec). Plates and lids were dried fully in a sterile hood until no condensation was visible (~30 minutes) prior to inoculation by streaking from stock plates. Inoculated plates were incubated for 60 h at 26°C in a refrigerated incubator set to continuously run the compressor thereby maintaining incubator humidity at or below 10% relative humidity as monitored by a Traceable Humidity-On-A-Card humidity indicator card (Control Company).
Transmission electron microscopy
Negative staining transmission electron microscopy was performed on cells and ECM samples that were harvested and washed in 10 mM Tris buffer and applied onto 300-mesh copper grids coated with Formvar film (Electron Microscopy Sciences, Hatfield, PA) for 2 min, rinsed in deionized H 2 O, and negatively stained with 2% uranyl acetate for 90 s and dried. Samples were examined with the JEM-1400 (JEOL, LLC).
Scanning electron microscopy
Scanning electron microscopy was performed on bacteria grown on top of 0.2-mm-pore-size polycarbonate track-etched membranes on top of YESCA agar. Membrane-associated bacteria were fixed overnight in 2% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) at 4°C and postfixed with 1% OsO 4 at 4°C for 1 h. Samples were dehydrated in a series of increasing concentrations of ethanol (50%, 70%, 95%, and 100%), inserted into a critical point dryer, coated with gold-palladium, and visualized with a field emission scanning electron microscope (Zeiss, Sigma FEG-SEM).
ECM and curli purification
UTI89 ECM, UTI89ΔcsgA ECM, and curli were purified utilizing a modified version of the curli extraction protocol of Chapman et al. [11] . Bacteria were harvested into 10 mM Tris buffer, pH 7.4, and sheared using an OmniMixer Homogenizer (Omni International) on ice (using motor setting 9) for five cycles of 1 min shear and 2 min rest. Cells were removed by centrifuging twice for 10 min at 5000g. For UTI89, the pelleted cells were subjected to a second round of shearing and centrifugation. Supernatants were spiked with 5 M NaCl to achieve a final concentration of 170 mM and pelleted for 1 h at 13,000g.
For non-SDS-washed ECM, pellets were resuspended in 10 mM Tris, pH 7.4, incubated overnight at 4°C, and then pelleted, washed in Tris buffer, and pelleted again at 30,000g for 30 min. For SDS-washed ECM, pellets were resuspended in 10 mM Tris, pH 7.4, spiked with a 10% SDS stock to a final concentration of 4% SDS, and incubated, rocking at room temperature overnight. The ECM was then pelleted for 1 h at 13,000g, resuspended in Tris buffer, and pelleted at 30,000g for 30 min. The latter washing step was repeated until the SDS was removed. All pellets were resuspended in MQ water, flash frozen in liquid nitrogen, and lyophilized.
SDS-PAGE gels
Lyophilized samples were reconstituted in MQ water to give a concentration of 2 mg/mL. The desired quantity of material, between 2 and 150 μg, was distributed into individual 1.5-mL microcentrifuge tubes, frozen, and then lyophilized. The lyophilized samples were treated with 100 μL of 88% formic acid and vacuum centrifuged. The samples were reconstituted in 40 μL of SDS-PAGE sample buffer containing 8 M urea, centrifuged to remove insoluble material, and used for electrophoresis [45] . The gels were incubated for 10 min in 1.25 M Tris buffer, pH 8.8, to distinguish CR from Coomassie blue.
Solid-state NMR experiments
All solid-state NMR experiments were performed with an 89-mm wide-bore Varian/Agilent magnet at 11.7 T (499.11 MHz for 1 H, 125.49 MHz for 1 3 C, and 50.58 MHz for 15 N), Varian console, and a home-built four-frequency transmission-line probe with a 13.6-mm-long, 6-mm-inner-diameter sample coil and a Revolution NMR MAS Vespel stator. Samples were spun in thin-wall 5-mm-outer-diameter zirconia rotors (Revolution NMR, LLC) at 7143 ± 2 Hz, using a Varian MAS control unit. The temperature was maintained at 10°C. π pulse lengths were 10 μs for 13 C and 15 N for both the CPMAS [46] and REDOR [40] sequences. Proton-carbon matched cross-polarization transfers were at 50 kHz for 1.5 ms. Proton dipolar decoupling was employed at 83 kHz with TPPM modulation [47] and a 2-s recycle delay. The chemical shift scale of the 13 C NMR spectra was referenced to external adamantane. REDOR was used to restore the 13 C-15 N dipolar couplings that are removed by MAS [40] . REDOR experiments are always done in two parts, once with rotor-synchronized dephasing pulses (S) and once without (full echo, S 0 ). The dephasing pulses change the sign of the heteronuclear dipolar coupling, and this interferes with the spatial averaging resulting from the motion of the rotor. The difference in signal intensity (REDOR difference, ΔS = S 0 − S) for the observed spin in the two parts of the REDOR experiment is directly related to the corresponding distance to the dephasing spin [40] .
